Introduction
The resolution of lithography has been improved to meet the requirement for manufacturing semiconductor devices. With the reduction of the feature size, the resist thickness has also been decreased to avoid the collapse of resist patterns. At the 90 nm node in 2004, the resist thickness was approximately 250 nm. The development of extreme ultraviolet (EUV) lithography was promoted with the aim of its use at the 45 nm node, at which the resist thickness was assumed to be approximately 100 nm. From the early stage of EUV development, the chemically amplified resists used for KrF excimer lithography have been considered to be applicable to EUV lithography. The absorption coefficient of a typical chemically amplified resist used in KrF excimer lithography is approximately 4 m -1 for 13.5 nm EUV. [1, 2] For their use for KrF excimer lithography, the absorption coefficient of resists has generally been adjusted to less than 1 m -1 . Therefore, the strong absorption of EUV has been a concern because it may cause severe degradation of the resist sidewall. Sidewall degradation was examined and it was concluded that KrF resists with a thickness of 100 nm can be applied for use in EUV lithography. [3] The application of EUV lithography to high-volume production lines has, however, been postponed to the 22 nm node because of delays in its development. In the resist screening processes for EUV lithography at the 22 nm node, the resist thickness has been adjusted to approximately 50 nm. [4] The thickness of the resist assumed to be used at this node has been significantly reduced. However, the absorption coefficient of a typical chemically amplified EUV resist is still ~4 m . With decreasing resist thickness, the number of photons absorbed by the resist is decreased if the absorption coefficient of the resist is unchanged. In this case, the transmitted photons are not employed except for their contribution through local backexposure. [5] The absorption coefficient should be increased for the efficient use of photons at the 22 nm node and below.
In 2005, the resist material was the most critical issue among the elemental technologies of EUV lithography. Since then, the development of resist materials has significantly progressed. [6] [7] [8] [9] [10] [11] The resolution of chemically amplified resists has reached 14 nm. [12] The sensitivity is close to the requirement (10 mJ cm -2 ). However, the line edge roughness (LER) must still be reduced to achieve the required value. It is well known that resolution, LER, and sensitivity have trade-off relationships. [13] It can be intuitively understood that the resist sensitivity can be enhanced by increasing the absorption coefficient of the resist. Considering the delay in the development of a high-power EUV source, the use of a high-absorption resist process is attractive. High-absorption resist processes have been investigated from the viewpoints of sidewall degradation, [14, 15] chemical gradient, [16] acid generation, [17] and radiation-induced reactions. [18, 19] The application of high-absorption fluorinated polymers to EUV resists has been examined. [20] High-absorption inorganic resists have also attracted considerable attention even though they are not chemically amplified resists. [21, 22] The enhancement of absorption is also a promising means of reducing LER. In this study, the relationship between LER and the absorption coefficient of resists was investigated. The physical parameters that determine resist pattern formation have been investigated for the latest high-performance chemically amplified resists using the small-field exposure tool (SFET) of Selete. [23] [24] [25] [26] [27] LER of the high-absorption resists was estimated by applying these experimental parameters to a simulation based on the sensitization and reaction mechanisms of chemically amplified EUV resists. The dependence of the relationship between LER and absorption coefficient on pattern size, acid generator concentration, and exposure dose is discussed.
Simulation Model and Method
For the estimation of LER, line-and-space patterns were considered. The aerial image of incident EUV photons, I(x: perpendicular to line pattern, y: parallel to line pattern, z: depth direction), was approximated using the following cosine function.
Here, A, C, p 1/2 , and F represent the exposure dose, the optical contrast, the half-pitch of the line-and-space pattern, and the flare intensity, respectively. The optical contrast and flare intensity were set to 1 and 0, respectively, for simplicity. The exposed area was 2p 1/2 × 1000 nm 2 . The values of p 1/2 were 11, 16, and 22 nm. The resist thickness was set to 25 nm for an 11 nm half-pitch, 35 nm for a 16 nm half-pitch, and 50 nm for a 22 nm half-pitch. EUV photons were randomly injected into the target area in accordance with the photon intensity expressed by eq. (1). The injected photons were randomly absorbed by the resist films in accordance with Lambert's law. The linear absorption coefficient of the resist was varied from 3.8 to 16 m -1 . The electron trajectories after EUV absorption were calculated using the inelastic mean free path. The periodic boundary condition was applied in the horizontal direction, and the reflective boundary condition was applied at the resist surface. The inelastic mean free path was calculated using a modified form of the Bethe equation that is applicable to electron energies of as low as 20 eV. [28] Above the threshold energy, E th , we assumed that the electron energy is lost by either the ionization or electronic excitation of molecules. E th was set at 21 eV [29] so that the number of secondary electrons generated by a single EUV photon corresponds to the number predicted from the W-value (the average energy required for the generation of an ion pair) of a typical resist polymer, poly(4-hydroxystyrene) (PHS). [30] Below E th , the electrons were assumed to be thermalized through the excitation of intra-and intermolecular vibration. It has been reported that the initial distribution of thermalized electrons can be expressed as an exponential function. [31, 32] The thermalization distance has been determined to be 3.2 ± 0.6 nm in PHS films. [33] The electrons either directly excite acid generator molecules during the energy loss processes above E th or react with acid generator molecules after they lose sufficient energy. [34, 35] The dynamics of thermalized electrons was calculated using a previously reported procedure. [33] If an electron approached a radical cation to within a distance of r + , the electron was regarded as being lost through recombination. If an electron approached an acid generator molecule to within a distance of r AG , the electron was regarded as inducing the dissociation of the acid generator molecule. r AG for a typical acid generator, triphenylsulfonium triflate (TPS-tf), has been determined to be 0.70 ± 0.08 nm. [33] Here, r + was set to 0.5 nm. [31, 32] The coordinates of acid generators were randomly generated in the target volume. The initial protection ratio of the polymer was set to 30%. Although the deprotonation efficiency depends on the molecular structures of the protecting groups, the deprotonation efficiency of the protected units was set to a typical value of 0.3. [36] The preneutralization of acids before postexposure baking (PEB) [37] was assumed because annealing-type resists are generally used in EUV lithography. Using the acid distribution after the preneutralization as a boundary condition, the subsequent reaction diffusion was calculated using the reaction-diffusion equations. [38] The effective reaction radii for neutralization and deprotection were set to typical values of 0.5 and 0.1 nm, respectively. [23] [24] [25] [26] LER was evaluated using [23] dx dm
Here, f LER , m, and dm/dx are a proportionality constant, the concentration of chemical compounds normalized by its initial value, and the chemical gradient, respectively. The chemical gradient was calculated at the half-depth of the boundary between the solubilized and insoluble regions of resist films. The proportionality constant f LER of state-of-the-art chemically amplified resists has been estimated to be 0.17-0.31. [23] [24] [25] [26] Other details of the reaction mechanisms and parameters have been described in ref. 39. Figure 1 shows the dependence of the acid distribution on the absorption coefficient of the resist. With increasing absorption coefficient, the acid image appeared to become clearer. Note that the optical contrast is the same in all images. The acid image contrast decreased with increasing absorption coefficient; the acid image contrasts at absorption coefficients of 3.8, 8, and 16 m -1 were 0.72, 0.67, and 0.62, respectively. This was caused by the decomposition of the acid generators during exposure. [40] Using the acid distributions shown in Fig. 1 , the subsequent catalytic chain reaction was calculated by solving the reaction-diffusion equations. The corresponding latent images (the images of protected units) are shown in Fig. 2 . The process conditions such as PEB time were optimized for each case to maximize the chemical gradient at the intended line width. The optimum dissolution points (protected unit concentration) Despite the degradation of the acid image contrast, the chemical gradient was enhanced because the positive effect of the increase in acid concentration on latent image quality exceeded the negative effect of the decrease in acid image contrast. From the obtained chemical gradient, LER can be estimated using eq. (2) absorption coefficient has been investigated assuming 20 nm resist thickness and a 22 nm line-and-space pattern. [14, 15] At 22 nm half-pitch, sidewall degradation is not a significant problem because the acid diffusion blur in the vertical direction contributes to the suppression of sidewall degradation. However, sidewall degradation becomes a problem at the 11 nm node because the acid diffusion length should be reduced. The use of a local backexposure effect is an effective method of controlling the sidewall profile. [41] It has also been demonstrated that the emission of secondary electrons from the resist surface significantly affects the sidewall profile of ultrathin resists. [42] The dynamics of secondary electrons at the interface will be an important issue in the development of next-generation resist materials.
Results and discussion
Similarly, LER was calculated for different values of the absorption coefficient, exposure dose, and acid generator concentration. The proportionality constant f LER was tentatively assumed to be 0.2 in the following discussion. Figure 3 shows the dependence of LER of 16 nm line-and-space patterns on exposure dose. The exposure dose was varied from 0 to 30 mJ cm -2 .
For comparison, the dependence for the absorption coefficient of 3.8 m -1 is shown in Fig. 3(a) , the details of which have been already reported. [43] With increasing exposure dose, LER decreased owing to the increase in acid concentration. It has been reported that a minimum value (floor) of LER exists (the lower limit of LER in the relationship between LER and exposure dose) because the acid generator concentration is limited. The floor values of LER at 5 wt% acid generator concentration were 3.4, 3.5, and 3.5 nm for the absorption coefficients of 3.8, 8, and 16 m -1 , respectively. These values were in agreement within the calculation error. By increasing the absorption coefficient, the exposure dose at which the floor value of LER is reached was decreased, while the floor value of LER did not differ significantly. In other words, sensitivity can be enhanced without sacrificing LER by increasing the absorption coefficient of the resist. As can be clearly observed in Fig. 3(c) , LER was increased when the exposure dose exceeded the optimum exposure dose for LER. The optimum exposure dose depended on the absorption coefficient and acid generator concentration. This means that the adjustment of acid generator concentration is important in the design of high-absorption resists. Figure 4 shows the dependence of the relationship between LER and exposure dose on the half-pitch of line-and-space patterns. At a high exposure dose and high acid generator concentration, the dependence of LER on the half-pitch was low. With decreasing exposure dose and/or acid generator concentration, the dependence of LER on the half-pitch significantly increased.
The relationship between LER and absorption coefficient is summarized in Fig. 5 . The relationship significantly depended on the designed sensitivity. Similarly to the effects of acid generator concentration and exposure dose, the dependence of LER on the absorption coefficient of the resist was increased by decreasing the half-pitch. In other words, the effect of absorption enhancement is significant at 11 nm half-pitch if the required sensitivity is 10 mJ cm -2 . When the designed sensitivity is 20 mJ cm -2 , the effect of absorption enhancement on LER decreased. This means that sensitivity enhancement is more effective than LER reduction as a target for using the gain obtained through absorption enhancement. When the designed sensitivity was increased to 30 mJ cm -2 , LER was degraded in many cases. At the designed sensitivity of 30 mJ cm -2 , the gain obtained through absorption enhancement should be used to enhance sensitivity rather than reduce LER.
Conclusion
The relationship between LER and the absorption coefficient of resists was investigated on the basis of the sensitization mechanisms of chemically amplified EUV resists. The relationship depended on the acid generator concentration, half-pitch, and sensitivity. Under some conditions, an increase in the absorption coefficient did not necessarily lead to the reduction of LER. In the design of high-performance resists through absorption enhancement, the relationships between absorption coefficient, acid generator concentration, and exposure dose should be carefully examined. Assuming a required sensitivity of 10 mJ cm -2 , absorption enhancement is effective for reducing LER, particularly at the 11 nm node.
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